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ABSTRACT
AUTOIGNITION AND SOOTING CHARACTERISTICS OF ISO-OCTANE AND
ETHANOL IN AN OPTICAL RAPID COMPRESSION MACHINE

John Kempf, B.S.M.E
Marquette University, 2022

To effectively reduce particulate emissions and maximize the effectiveness of
renewable fuels entering the industrial and transportation markets, an accurate
understanding of the combustion characteristics of these fuels is a necessary undertaking.
Typical engines used in the heavy-duty engine industry primarily rely on mixingcontrolled combustion, which has the potential to produce soot under locally rich
combustion conditions. A rapid compression machine (RCM) is an experimental reaction
vessel used to investigate the ignition and pollutant behaviors of fuels at compressed
conditions relevant to engine studies. In this study, an RCM has been prepared with lineof-sight optical accessibility such that a laser extinction diagnostic can be used to
measure the concentration of soot produced in an RCM experiment using the BeerLambert law. By conducting tests across a range of fuel-air mixture conditions relevant to
soot formation in mixing-controlled combustion, the sooting tendencies of potential fuels
can be analyzed for useful comparisons and quantified for the use of validating chemical
kinetic modeling. The fuels selected for testing are iso-octane and ethanol. Iso-octane is a
surrogate fuel commonly used to represent gasoline, which is seeing increased interest to
the heavy-duty engine market due to the introduction of EV technology lowering the
light-duty engine fuel demand. Ethanol is commonly mixed with gasoline for the purpose
of reducing greenhouse gas emissions and is therefore of interest to heavy-duty engine
development with the potential to allow farmers to grow their own fuel. This study will
measure the sooting tendencies of both fuels over a range of mixing conditions relevant
to mixing-controlled combustion, such that the results can be used to validate chemicalkinetic modeling and grasp a better understand of the sooting tendencies between
different fuel types. The oxygenated nature of ethanol combined with various published
studies suggests that ethanol will have a higher resistivity to soot formation at matched
mixing conditions compared to iso-octane. This study also investigates the soot
production sensitivity of both fuels to pressure by conducting equivalence ratio sweeps at
10 bar and 20 bar for iso-octane, and 20 bar and 30 bar for ethanol. At matched
compressed pressure conditions of 20 bar, iso-octane starts soot production at a critical
equivalence ratio of 1.76 while ethanol has a critical equivalence ratio of 2.35, displaying
ethanol’s higher resistivity to soot formation. A positive relation between compressed
pressure and soot formation was found, with iso-octane’s critical ratio increasing to 1.82
when compressed to 10 bar and ethanol’s critical ratio decreasing to 2.19 when
compressed to 30 bar. Additionally, this study investigates the parameters and methods
relevant towards properly preparing a homogeneous charge of air and fuel for a chemicalkinetic study at mixing conditions relevant for soot analysis as well as considerations for
maximizing the effectiveness of a laser extinction diagnostic setup.
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CHAPTER 1: INTRODUCTION

1.1

Background Motivation

1.1.1

Fuels, Emissions, and Regulations
With many light-duty vehicles seeing considerable changes from the standard

spark ignition (SI) engine configuration to hybrid or EV technology, gasoline and other
light fuels used in SI engines are projected to decrease in demand. However, with the
continuous growth of the global economy, heavy-duty commercial vehicles still require
the power density and fuel efficiency of the diesel compression ignition (CI) engine.
Because of these economic and technological factors, there is considerable interest in
developing mechanisms for using light, low-cetane fuels in CI engine technology.
Developing this technology will give renewable fuels such as ethanol as well as a surplus
of gasoline an easy pipeline into the heavy-duty engine marketplace. Heavy-duty engines
commonly rely on non-premixed, mixing-controlled combustion to achieve high
efficiency and snap torque response. In this process, a CI engine cylinder is filled with
air, compressed, and a jet of fuel is added near peak compression. Due to the high
temperature and pressure at these conditions, the fuel ignites in the form of a nonpremixed flame caused by auto ignition and releases energy. The energy is then
recovered in the form of work as the piston expands. CI engines excel in terms of
efficiency and robustness but face challenges with meeting steeper pollutant emissions
regulations. Particulate emissions, or soot, is one of these pollutants which is formed in
the auto ignition process of CI engines and exits the tailpipe into the environment unless
it is being filtered.
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Figure 1: Phenomenological description of the major features and emission
production zones of a diesel combustion jet
If released into the environment and regularly inhaled, soot has been known to
cause respiratory diseases and lung cancer(Niranjan et al., 2017). Soot is also responsible
for poor air quality, haze, and global warming due to the light absorbing nature of black
carbon(Ramanathan et al., 2008). As depicted in figure 1, soot is formed at the base of the
ignited portion of the fuel jet introduced to a CI engine cylinder, where the fuel/air
mixture is richest. Here, the high temperatures and lack of oxygen promote the formation
of soot precursors. (M. P. Musculus et al., n.d.; Pickett et al., 2004). These precursors are
strong hydrocarbon structures formed under intense heat and pressure that are difficult to
burn away due to the integrity of their chemical bonds. As these precursors travel down
the flame, they accumulate more and more hydrocarbons until they form full soot
particulates measuring 30-500 nm in diameter. To put into perspective, a human hair
measures 80,000-100,000 nm in diameter. To meet particulate emission regulations,
many CI engines are equipped with a particulate filter which adds cost and weight to the
engine assembly. New engine technologies and combustion modes have the potential to
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reduce or avoid producing soot but require chemical kinetic modeling to fully explore
and evaluate their success.
Along with the potential to reduce greenhouse gas emissions using ethanol or
similar renewable fuels, many studies indicate that ethanol has a higher resistivity to soot
formation at relevant mixing-controlled conditions due to ethanol’s oxygenated nature. In
2003, He et al. studied blends of ethanol and diesel fuel in a 2-cylinder direct injection
diesel engine and found that the ethanol blends significantly reduced smoke production.
They tested blends from pure diesel to 30% ethanol and found that the richest ethanol
blend produced no soot across low-torque conditions, and at peak torque the standard
diesel fuel produced roughly seven times as much smoke as the 30% ethanol blend(He et
al., 2013).
Additionally, in 2013 Shen et al. tested pure ethanol, pure gasoline, and pure
diesel in a partially premixed combustion (PPC) engine setup to further evaluate the
emissions of light or renewable fuels compared to standard diesel fuel. While PPC is not
the same as mixing-controlled combustion due to fuel being given more time to mix with
air before autoignition, the results still give a good comparison between fuel sooting
tendencies at relevant engine conditions. Across all their tests, the global equivalence
ratio in the engine was varied while maintaining the same indicated mean effective
pressure (IMEP) of 20.5 bar and exhaust gas recirculation (EGR) of 38%. They found
that across all tests, ethanol produced virtually no soot even at close to stoichiometric
global conditions while gasoline produced roughly half the smoke output as standard
diesel fuel(Shen et al., 2013).
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Studies such as these are very important when considering methods to reduce
pollutant emissions in new mixing-controlled combustion strategies. However, to take
full advantage of this soot reduction potential, these fuels need to be accurately
characterized in chemical-kinetic simulation models so that these new combustion
strategies can be simulated.
1.1.2

Chemical Kinetic Modeling
Chemical kinetic modeling is used in the application of engines to model

characteristics of a combustion reaction such as reaction durations and product species
concentrations. They use a chain of elementary reaction pathways which are relevant to a
specific fuel to connect the fuel and oxidizer reactant species to product species along
with the total duration needed to reach a reaction product equilibrium. The model can be
combined with computational fluid dynamic (CFD) modeling to simulate threedimensional flow with combustion characteristics such as the flame jet produced in
mixing-controlled combustion for the purpose of evaluating new engine combustion
technologies.
Lawrence Livermore National Laboratory has conducted studies using chemical
kinetic modeling to understand the sooting tendencies of oxygenated fuels used in diesel
engines. They used a highly detailed chemical kinetic model to test blends of diesel fuel
and oxygenated additives in a simulated mixing-controlled flame jet. Their work lays out
a basic understanding of how oxygenated hydrocarbons reduce soot production in diesel
sprays(Westbrook et al., 2006).
The challenge with chemical kinetic modeling is that it is a processing-intensive
process. Combustion reactions involve only a few reactant species, but there are hundreds
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or even thousands of intermediate hydrocarbon species between the original hydrocarbon
chain and the combustion products. Processing requirements are only aggravated by
factors such as multi-zone CFD modeling, and the fact that most fuels bought at a gas
station are made up of a mixture of many different hydrocarbon species. To avoid
simulations taking so long that they’re no longer of practical use for engine prototyping,
chemical kinetic models are simplified by removing most of the intermediate steps while
leaving the ones that are most relevant to the reaction process. Additionally, simulations
involving hydrocarbon mixtures often use a single hydrocarbon surrogate species to
simplify the combustion process.
Making simplifications to chemical kinetic modeling requires validation to ensure
the model is still accurate. To ensure that the chemical kinetics of a combustion reaction
are modeled correctly, the model must be validated next to experimental results. An
RCM is an ideal device for validating the accuracy of chemical kinetic models, as it
functions as a reaction chamber in which a gaseous charge can be quickly compressed to
engine-like conditions in a repeatable process.
1.1.3

Overview of a Rapid Compression Machine
A rapid compression machine is a highly characterized reaction vessel used for

studying fuel combustion characteristics and validating chemical kinetic models. An
RCM functions as a reaction vessel, where a piston and cylinder containing a
homogeneous gas charge of fuel and air is quickly compressed to conditions suitable for
auto ignition. In many ways the process is like an engine piston stroke, but an RCM
typically has no expansion phase, the initial conditions in an RCM are more tightly
controlled, and homogeneity is promoted throughout the test to observe a global
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autoignition event. Typically, RCMs are designed such that a compression stroke lasts
between 20 and 50 ms, and the following ignition event occurs in a constant-volume
environment. Measurements taken during the test typically consist of pressure traces of
the combustion event, optical diagnostics, and speciation data from the combustion
products. Pressure readings and optical diagnostic readings can be seen in figure 3 over
the duration of two RCM experiments testing iso-octane.

Figure 2: Samples of pressure and optical measurements made for iso-octane at
stoichiometric and rich condition, suitable for soot production
With these measurements, a range of experiments can be performed to test
different aspects of a combustion reaction. For example, pressure traces may be used to
calculate an auto ignition delay (ID) time for a fuel/air mixture at varying conditions.
Ignition delay times are often used to validate chemical kinetic models of fuels, as
ignition delay controls the combustion reaction in mixing-controlled combustion and
determines knocking conditions in SI engines. Other factors such as emission and
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particulate concentrations can also be measured in an RCM experiment and used to
validate models. The remainder of this section is devoted to summarizing examples of
how RCM testing is used to better understand the autoignition and emissions tendencies
of various fuels.
Attention has been directed towards ethanol as a dependable fuel for many years
now, therefore accurate and processing-efficient chemical kinetic models for the fuel are
in high demand. The University of Akron conducted a series of tests with ethanol using
an RCM to validate chemical kinetic models predicting ignition delay. Their tests
involved preparing lean, homogenous mixtures with a fuel-air equivalence ratio of 0.3 to
1 and using a pressure transducer to measure the ignition delay following compression. A
range of compressed pressures and temperatures were measured ranging 10 to 50 bar and
825 to 925 Kelvin respectively. After comparing the experimental results to various
chemical kinetic models, they found that reactions pertaining to the formation of
hydroperoxyl radicals played a key role in prediction ignition delay times (Mittal et al.,
2014). Validations of chemical kinetic models at these conditions are important for
predicting and avoiding knock in spark ignition (SI) engines.
While ignition delay is one of the most used results of an RCM, there are many
measurable results such as optical diagnostics or gas sampling that can be used for model
validation or to gain a better understanding of ignition reactions between different fuels
and gas diluents. Sung and Curran give a detailed overview of how RCM pressure traces
and optical diagnostics can be used in chemical-kinetic studies. Optical diagnostics can
be used to experimentally measure various aspects of the combustion process ranging
from particulate concentrations with simple extinction diagnostics all the way to
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intermediate combustion species measurements using advanced fluorescence. They also
review how certain design factors play roles in maintaining or hindering assumptions
made with the homogeneous experimental model(Sung et al., 2014).
Massachusetts Institute of technology developed a rapid compression machine
with an optical extinction diagnostic for the purpose of studying soot formation under
diesel-like engine conditions. Their tests primarily focused on n-butane with aromatic and
oxygenated additives. They found that aromatics increased the soot production of nbutane under rich conditions while oxygenated hydrocarbon additives reduced soot
production. Their results were then compared to detailed chemical kinetic models to
understand the sooting process under auto ignition. While they assumed that the RCM
was operating under homogeneous conditions, they theorized that heat release through
the walls of the RCM led to temperature stratification inside the charge. Under most of
their conditions the ignition delay of the fuel was accurate but other factors such as heat
release and compressed conditions had some discrepancies. Using a multi-zone model
with zone borders matching the stratified temperature zones to simulate the RCM had
much more agreeable results than using a homogeneous, or 0-D simulation model(L.
Kitsopanidis, 2004).
Another study conducted by Ketterer and Cheng observed the sooting tendency of
gasoline and a gasoline-toluene blend in an RCM. Their goal was to study the sooting
tendency of these blends at conditions representing cold-fast-idle in SI engines. Using an
optically accessible RCM with a laser extinction diagnostic, normal gasoline which has a
28% aromatic content was compared to a toluene blend which had a 40% aromatic
content. They measured the sooting tendency by conducting tests across a range of
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equivalence ratios in which soot formation begins, as well as across a range of
compressed temperatures while keeping the equivalence ratio constant. They found that
soot yield increases exponentially beyond a threshold equivalence ratio unique to each
blend and the compressed temperature. Generally, they found that the gasoline-toluene
blend produced four to six times as much soot as normal gasoline. This is important
considering toluene is a common additive to gasoline to improve octane rating. They also
found that soot formation decreases exponentially with increasing compressed
temperatures. Across a range of compressed temperatures from 657 to 695 K, the
threshold equivalence ratio for soot formation increased from 2.4 to 2.7(Ketterer et al.,
2019).
As stated above, there are some discrepancies between the homogeneous
assumption that is easiest to use when validating chemical kinetic models and the actual
reaction that occurs inside the RCM. To alleviate this, a multi-zone model has been
prepared for the RCM at Marquette University for the use of validating chemical kinetic
models predicting species concentrations. The multi-zone model divides the RCM
cylinder volume into a number of zones with boundaries dependent on the distance to the
RCM walls. This allows the model to account for temperature stratification due to heat
loss out of the cylinder walls. This model was compared to a homogeneous, 0-D
simulation model and a more computationally expensive CFD model. They found that the
multi-zone model produced results that agreed much more with the CFD simulation than
the homogeneous, 0-D simulation(Wilson et al., 2016). Model layouts such as this are
very useful as they increase the accuracy RCMs can have for validating chemical kinetic
models by taking realistic factors into account for RCM tests.
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1.2

Scope of Study
The objectives of this work are motivated by the desire to better understand the

sooting tendencies of oxygenated vs. non-oxygenated light hydrocarbon fuels when
compressed to relevant engine conditions, for the purpose of validating chemical kinetic
modeling.

Figure 3: chemical-kinetic results of n-heptane evaluation pollutant conditions,
overlayed by generalized mixing-controlled combustion conditions (orange) as well as
RCM evaluation conditions (blue)
In figure 3 a detailed chemical-kinetic model of n-heptane, often used to represent diesel
fuel, is simulated as a function of equivalence ratio and flame temperature to evaluate
soot and NOx production conditions. Overlayed on this plot, the orange line represents
general conditions present in mixing-controlled combustion. Due to the heterogeneous
nature of a diesel flame jet, these conditions range from highly rich near the base of the
flame depicted in figure 1 to highly lean conditions near the edge of the flame. The
objective of this study is to evaluate the conditions highlighted in blue, where soot
production first begins as a function of equivalence ratio. The results can then be used to
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validate the edge of the soot production island in chemical-kinetic modeling made for
potential light fuels entering the heavy-duty engine market.
The main portion covers the work that is needed to prepare an existing RCM for
the purpose of soot optical extinction diagnostics, how to properly carry out experiments,
and how to quantify the resulting data. The fuels chosen for the experiments are isooctane and ethanol due to the interest to use both gasoline and gasoline-ethanol blends in
mixing-controlled combustion. Iso-octane is a single-species surrogate fuel commonly
used to represent gasoline fuel in combustion experiments. Due to the locally-rich regions
which occur during mixing-controlled combustion, the RCM mixtures must be prepared
at homogeneous, fuel-rich conditions to produce soot in a homogeneous environment.
This work will summarize the methods used to prepare these mixtures and the
calculations that were used to reach targeted compressed conditions.
Additionally, this work will summarize the design considerations that went into
properly developing a laser extinction diagnostic for the use of soot concentration
measurements. The RCM must be equipped with line-of-sight optical accessibility, and a
laser must be installed with a light intensity measurement frequency fast enough to record
data across an auto ignition event. Additional considerations must go into filtering out
noise and other light sources present in the experiments. To fulfill the objective of this
study, the recorded data must be analyzed such that soot production trends as a function
of equivalence ratio can be calculated from the results.
The results of these tests will be plotted and summarized to note the key
differences in the sooting tendencies between iso-octane and ethanol. Tests are conducted
across matched and unmatched compressed pressures to evaluate the relation between
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soot production and in-cylinder pressure between oxygenated and non-oxygenated light
fuels.
1.3

Structure of Thesis
This thesis contains a total of 4 chapters. Each of these chapters is briefly

summarized below.
Chapter 2 provides a detailed description of the RCM and the conditions used for
autoignition experiments. The chapter begins with the work that went into preparing the
RCM and each of the instruments that takes measurements both before and during tests.
The way in which the measured data is used to quantify results is also summarized. The
chapter then describes techniques that were used to set up homogeneous, fuel-rich
experimental charges in the RCM at conditions suitable for homogeneous soot
production. The chapter ends with a study on experimental anomalies that might impact
optical extinction data, and how they are dealt with.
Chapter 3 presents experimental results for iso-octane and ethanol. The sooting
tendencies of both fuels are compared as a function of equivalence ratio and oxygenated
equivalence ratio. The tendency when auto igniting tested fuels at compressed pressures
of 10, 20, and 30 bars will also be investigated.
Finally, chapter 4 summarizes this work and provides detail on possible future
work to be done with the RCM such as additional fuels and blends to test and new
temperature measurement techniques that would give further insight on soot production
conditions.
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CHAPTER 2: EXPERIMENTAL FACILITY

This chapter presents an overview of the design of the rapid compression machine
(RCM) used in this evaluation of sooting tendencies between iso-octane and ethanol. The
chapter begins with a general overview of how the RCM is designed and operates. The
chapter will then describe how fuel-rich conditions, relevant to mixing-controlled
combustion are prepared in the RCM for soot evaluation. Further into the chapter, an
overview of the laser extinction diagnostic is given including all the design characteristics
put in place to avoid optical anomalies. Finally, the chapter gives an overview of the
measurements and calculations made during RCM tests, and how the results across
multiple tests are used to characterize the sooting tendency of a given fuel at specific
compressed conditions.

Table 1: RCM Operating Characteristics
Cylinder bore Diameter
2 in
Stroke Length
8 in
Compression Ratio
4-19
Clearance Height
0.5-1.5 in
Compression time
~30-50 ms
Piston Head Configuration
Creviced

This RCM was developed for the purpose of chemical kinetic studies, with optical
accessibility being only one of the various configurations for recording autoignition
characteristics(Neuman, 2015). Table 1 gives an overview of some of the RCMs primary
specifications.
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2.1

RCM Design Characteristics
The RCM in these experiments uses a pneumatically driven cam profile to drive a

piston into a testing cylinder as illustrated in figure 4. After the piston has been fully
compressed, a hydraulic braking piston stops the cam and leaves the testing cylinder in a
constant-volume compressed state. This process quickly compresses a prepared charge of
gas to conditions suitable for auto-ignition experiments.

Figure 4: (a) Top-view solid model of RCM used in this study. (b) Isometric view solid
model of RCM used in this study.

The cam profile of the RCM gives the piston an actuated rapid compression with
a consistent stroke length of 8”. Figure 5 displays how varying the compression ratio is
accomplished through moving the testing cylinder along a track parallel to the directional
movement of the piston. This gives a range of initial vs. compressed volumes to use as a
variable when reaching specific compressed conditions. This translates to a range of
compression ratios between 4 and 19 to conduct tests over various engine-like conditions.
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Figure 5: (a) Model variable compression ratio of the RCM. (b) Dimensional
illustration of the RCM cam, showing the 8” compression profile and the constantvolume phase of the cam. The laser is used for tracking piston displacement in the
experiments.
A series of heating bands and thermocouples attached to the testing cylinder
operate in unison with a LabVIEW PID controller to maintain a steady temperature
before experimental runs. A custom designed insulation blanket is wrapped around all
testing components to promote thermal equilibrium throughout the cylinder. It is assumed
that any gasses placed inside the testing cylinder will quickly reach thermal equilibrium
with the heated metal of the cylinder walls. This initial RCM temperature can be varied
between 40 and 120°C, providing another variable to control compressed conditions with.
The piston of the RCM has a creviced design for the purpose of maintaining the
homogeneous charge assumption. When a flat piston head such as the one depicted in
figure 6 compresses a charge of gas, a thin layer of gas along the walls of the cylinder
remains colder than the gas closer to the center of the cylinder. A flat piston shears these
cold gasses from the walls, creating a roll-up vortex of cold gasses which are pushed into
the main core of the charge. Studies have shown that these colder gases can affect the
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ignition delay of the main charge of fuel, throwing off experimental results especially
when testing in the negative temperature coefficient region where colder temperatures
speed up chemical kinetics. The creviced design, which is based on a design created by
Mittal and Sung[13], sucks the colder gas into a separate chamber to maintain the
homogeneity of the main charge.

Figure 6: (a) Illustration of the formation of a roll-up vortex in piston compression. (b)
Illustration of the creviced piston design used in the RCM to negate the roll-up vortex

After the air and fuel are prepared as a homogeneous charge, the RCM is ready to
begin a test. Air pressure is supplied to the pneumatic actuator of the RCM through a 3inch diameter full-port ball valve attached to a 60-gallon receiver tank depicted in figure
5. The pressure kept in the tank varies depending on the initial and final pressure of the
test conducted to maintain compression speed but stays within the range of 30 to 35psig
throughout all tests in this study. The pneumatic actuator has a diameter of 6 inches,
resulting in a pneumatic force of 850 to 1,000 lbs. applied to the 78 lbs. cam assembly.
To balance this force before a test begins, a separate hydraulic braking piston attached to
the cam assembly is pumped full of incompressible fluid and sealed. When a test is ready
to begin, a valve attached to the braking piston is opened, releasing the hydraulic fluid,
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and setting the cam assembly in motion. Once the constant volume phase on the cam has
been reached, the hydraulic braking piston slows down the cam assembly through a
stepped outer diameter profile depicted in figure 7 before being stopped at the end of the
cylinder.

Figure 7: Schematic of the hydraulic braking piston
Line-of-sight optical accessibility is made possible in the RCM using two
auxiliary port windows attached on opposite sides of the RCM cylinder displayed in
figure 8. These windows are made of fused silica and provide a 0.468” diameter opening
for a laser to pass through the 2” RCM cylinder bore. The windows are placed flush to
the inner cylinder diameter, to minimize any dimensional effects the flat surface of the
windows may play on the otherwise cylindrical RCM cylinder.
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2.2

RCM Charge Preparation, Measurements, and Calculations
It is important that prepared charges in the RCM are highly characterized to

accurately depict auto ignition conditions leading to soot formation. As such, highresolution electronic measurement equipment is used to accurately gauge ratios of air and
fuel in the RCM, and to provide accurate predictions of what compressed conditions will
be reached during an experiment.
Before a charge is prepared in the RCM, an air supply combined with a vacuum
pump is used to purge the testing cylinder. Bottled air fills the cylinder to 3.5 bars of
pressure, and then the vacuum pump evacuates the cylinder to remove residual gasses
from previous tests. This process is repeated three times, and then the cylinder is
evacuated once more to a low pressure of 0.1 bar and sealed before charge preparation is
ready to begin.
Fuel is introduced to the RCM cylinder using a Bosch gasoline direct injection
(GDI) fuel injector fitted on the RCM cylinder depicted in figure 8. Fuel is supplied to
the injector at a pressure of 41 bar (600 psi) using a hydraulic accumulator attached to a
fuel line with a compressed nitrogen source. The fuel injector then sprays fuel into the
RCM cylinder through a series of short injection pulses, each having a duration of 0.6ms
and spaced 30ms apart. This approach reduces the potential for injector shot-to-shot
variability and minimizes the chance for fuel to pool in liquid form along the walls of the
cylinder in front of the fuel injector. Additionally, the low initial pressure from the
purging procedure helps promote fuel vaporization by lowering the boiling temperature
of the fuel. Between the accumulator and the injector, a Coriolis mass flowmeter
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measures the mass of fuel traveling through the fuel line during an injection sequence
with a resolution of 0.1 mg.

Figure 8: (a)Illustration of the fuel measurement line. (b) Illustration of the head of
the RCM testing cylinder. Note that the configuration of the fuel injector and auxiliary
window were flipped in these tests for line-of sight accessibility.

Mass characterization tests have been performed to gauge the effectiveness of the
Coriolis flowmeter and the repeatability of the fuel injector. Across 50 identical injection
tests, the flowmeter showed variability of ±2% indicating that the flowmeter
measurements are generally repeatable, and that the flowmeter can detect minor
variations in injection quantity due to variations in fuel line pressure and injector
performance that would not be identifiable with a standard injector mass calibration.
Plotting the results on a histogram gives a probability distribution curve depicted in
figure 9.
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(u-2%)

(u+2%)

Figure 9:Flowmeter Mass characterization histogram
While injecting fuel into the low-pressure, near-boiling hot testing cylinder is the
best method to ensure no injected fuel pools in liquid form and throws off the fuel-air
ratio, it is still important to ensure that all the fuel is measured in gaseous form through
its pressure rise. To accomplish this, a static pressure transducer was attached to the head
of the RCM cylinder, and various masses of fuel were sprayed inside the cylinder. The
injected partial pressure characterizations indicate good agreement between measured
pressure rise in the RCM cylinder immediately after injecting fuel and a calculated
pressure estimate using the ideal gas law as displayed in figure 10.
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Figure 10: Fuel Pressure Rise vs. injected mass, blue line indicates ideal gas relation,
green line indicates richest testing conditions used in experiments
After fuel has been injected, air and other diluent gas mixtures are introduced to
the testing cylinder using a manifold supplied with bottled air. Air is built up to a
pressure of 3.5 bar inside the manifold, and a poppit valve depicted in figure 8 is opened
to allow air to rush into the RCM cylinder from the manifold. This helps promote
thorough mixing of fuel and air in the cylinder. Afterwards, additional air is added more
slowly using a needle valve to help promote thermal equilibrium and provide fine control
over the final pressure in the cylinder. An Omegadyne PX401 static pressure transducer
is attached to the manifold with a resolution of 0.001 bars and is used to control the total
initial pressure of the experimental charge. The poppit valve is then closed before any
compression test begins, protecting the manifold and the low-pressure static transducer
from the high rise in pressure caused by compression and the following ignition. The
poppet valve is open for approximately 10 seconds in this process, thus diffusional
transfer of fuel from the cylinder to the manifold is assumed negligible as air is
constantly traveling in the opposite direction.
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When calculating characteristics of the homogeneous charge in the RCM, there
are four measured variables that ultimately govern the nature of that charge. These
variables are the initial volume, the initial temperature, the measured mass of fuel
entering the RCM, and the total pressure of the prepared charge. It is important that these
values are well-measured to provide accurate characteristics of the prepared charge. The
type of fuel and air diluent concentration are additional variables which may be changed
depending on the study conducted. As previously described, iso-octane is used as a
reference hydrocarbon fuel, which is chemically similar to a non-oxygenated gasoline
fuel. Ethanol, which is a renewable alcohol fuel, is a candidate for blending with
hydrocarbon fuels to reduce soot formation. Each of these variables is controlled so that
reactant mole concentrations, equivalence ratios, and oxygenated equivalence ratios can
be calculated before tests begin. Properties of the selected fuels, as well as all
experimental reaction conditions during testing are summarized in tables 2 and 3.

Table 2. Fuel Chemical and Physical Characteristics
iso-Octane
Ethanol
Formula
C8H18
C2H5OH
Molecular Structure
Molar Mass (g/mol)
Normal Boiling Point
Sat. Pressure (at 120
°C)
Research Octane
Number
Motor Octane Number
Enthalpy of
Vaporization (kJ/kg)

114.23
99°C
1.8

46.07
78°C
4.3

100

107

100
307.9

89
918.2
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The compressed temperatures (𝑇𝑐 ) correspond to the low-temperature combustion
regime, and the equivalence ratios (𝜙) were chosen to span an array of sooting behavior,
from non-sooting to heavily-sooting. Tests were conducted at various compressed
pressures (𝑃𝑐 ) to observe the sooting tendencies sensitivity to pressure between the two
tested fuels.

Table 3: Experimental Reaction Conditions
iso-Octane
Ethanol
90-120
120
𝑇0 [°𝐶]
1.0-1.45
1.0-1.15
𝑃0 [𝑏𝑎𝑟]
640-660
770-800
𝑇𝑐 [𝐾]
10,20
20,30
𝑃𝑐 [𝑏𝑎𝑟]
1.4-2.3
1.4-2.7
𝜙
1.4-2.3
1.3-2.2
𝜙𝑜𝑥
45-105
70-115
𝐹𝑢𝑒𝑙 𝑀𝑎𝑠𝑠 [𝑚𝑔]

The initial volume of the RCM is controlled through sliding the testing cylinder
along a track depicted in figure 5. A laser measures the distance from a non-moving part
of the RCM frame to a component of the testing cylinder frame with a resolution of
0.5mm. At a set distance (𝑥𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ), the RCM volume (𝑉𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ) was measured by
filling the RCM cylinder with water, and measuring the water volume that was emptied
once the cylinder was completely filled. The initial volume of the RCM (𝑉𝑅𝐶𝑀 ) can then
be calculated at any measured distance (𝑥𝑅𝐶𝑀 ) using equation 1.

𝑉𝑅𝐶𝑀

𝐷𝑅𝐶𝑀 2
) (𝑥𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑥𝑅𝐶𝑀 )
= 𝑉𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 + 𝜋 (
2

(1)
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The mass of fuel entering the RCM cylinder is measured using an Endress +
Hauser Proline 83 Coriolis mass flowmeter. Mass measurements are sent from the
flowmeter to LabVIEW in real time using short, digital square waves each representing
0.1 mg which Labview adds together for a total mass value. The resulting partial pressure
of fuel can be calculated using this measurement, the cylinder volume, temperature, and
ideal gas relations.
After the fuel has been added, the RCM poppit valve is opened to add air to the
cylinder and record the total pressure (𝑃𝑡𝑜𝑡𝑎𝑙 ) in the cylinder before compression.
Throughout all tests, either bottled air was used with an O2:N2 ratio of 0.215:0.785 or a
prepared gas mixture was made using the same ratio of oxygen to other gas species.
Using the law of partial pressures combined with the ideal gas law, the measured mass of
fuel and the total final pressure in the cylinder can be used to calculate the mass of air
present. Using equation 2, the partial pressure of the fuel (𝑃𝑓𝑢𝑒𝑙 ) can be calculated and
plugged into equation 3 to give the partial pressure of air (𝑃𝑎𝑖𝑟 ). The partial pressure of
air can then be plugged back into equation 2 to calculate the mass of air (𝑚a ).

𝑃𝑓𝑢𝑒𝑙 =

𝑚𝑓𝑢𝑒𝑙 ∗ 𝑅𝑢 ∗ 𝑇𝑅𝐶𝑀
𝑀𝑊𝑓𝑢𝑒𝑙 ∗ 𝑉𝑅𝐶𝑀

𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑃𝑎𝑖𝑟 + 𝑃𝑓𝑢𝑒𝑙

(2)

(3)

The mole fraction of all species in the reaction can be calculated using the partial
pressure of each species in the reaction as shown in equation 4.

𝑋𝑠𝑝𝑒𝑐𝑖𝑒𝑠 =

𝑃𝑠𝑝𝑒𝑐𝑖𝑒𝑠
𝑃𝑡𝑜𝑡𝑎𝑙

(4)
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A global equivalence ratio (𝜙) for the prepared charge can be calculated using the
resulting mass of fuel and air combined with stoichiometric constants relating to the fuel
and oxidizer tested as displayed in equation 5.
𝑚
( 𝑚a )
f

𝜙 = 𝑚 actual
( 𝑚a )
f stoich

(5)

The oxygenated equivalence ratio (𝜙𝑜𝑥 ) differs from the standard equivalence
ratio in cases involving oxygenated fuels. The standard equivalence ratio is a measure of
how far away a mixture is from being stoichiometric if all the oxygen in the mixture is
considered to come from air and oxygen in the fuel is added only to the mass of the fuel.
Meanwhile, the oxygenated equivalence ratio is a more direct measure of how far a
mixture is from being stoichiometric and allows the oxidizer to come from the fuel and
the air. The concept of the oxygenated equivalence ratio was pioneered by
Mueller(Mueller, 2005), which provides thorough details and examples of the impacts of
the oxygenated equivalence ratio for various fuels. In this work, the oxygenated
equivalence ratio is calculated by looping over the mole fraction of all species present in
the prepared charge.

𝜙𝑜𝑥

1
2 ∑𝑖 𝑋𝑖 𝐶#,𝑖 + 2 ∑𝑖 𝑋𝑖 𝐻#,𝑖
=
∑𝑖 𝑋𝑖 𝑂#,𝑖

(6)

Where Xi is the mole fraction of species i, and C#,i, H#,i, and O#,i are the carbon,
hydrogen, and oxygen atoms in species i. As shown in equation 6, there is no distinction
between oxygen that comes from the fuel and from the air in the calculation. Because isooctane contains no oxygen in its hydrocarbon chain, its oxygenated equivalence ratio is

26

identical to its standard equivalence ratio (𝜙). However, for fuel-rich ethanol mixtures,
the oxygenated equivalence ratio is always lower than the standard fuel-air equivalence
ratio, due to the oxygen in the fuel being taken into the denominator.

2.3

Laser Extinction Diagnostic
The laser extinction diagnostic is a platform assembly built around the head of the

RCM for the purpose of taking optical measurements during RCM ignition tests. Figure
11 depicts a picture of this setup, along with an illustration labeling the important optical
components.

Figure 11: (a) Picture of the laser extinction diagnostic with the testing cylinder being
seen at the top (b) illustration of the laser extinction design
A 22.5 mW, 632.8 nm wavelength HeNe laser shown on the left-hand side of the
assembly emits a laser with a beam diameter of 0.028”. Adjustable mirrors direct the
beam through the fused silica windows of the line-of-sight accessible RCM. Because the
RCM cylinder moves along a track to adjust compression ratios, the adjustable mirrors
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can also move along individual sliding platforms attached to the diagnostic platform. Any
soot that is produced inside the cylinder will absorb or scatter light from the laser,
reducing the total light intensity leaving the testing cylinder. The beam exiting the
cylinder is guided through a pair of plano-convex lenses designed to mitigate beam
steering. Beam steering is caused by strong temperature gradients that form inside the
cylinder during ignition which bend the path of photons. These lenses correct minor beam
steering such that the beam is always focused on the entrance to the integrating sphere.
This process is depicted in figure 12 and shows how even if the beam path is bent at
various angles while inside the RCM, it is always directed back at the entrance of the
integrating sphere.

Figure 12: illustration of how plano-convex lenses mitigate beam steering
The integrating sphere, which has an interior coating of a diffuse, white layer
provides a spatially uniform light source to be received by the downstream photodiode.
Use of the integrating sphere combined with the focusing lenses assures that the entire
attenuated beam is captured.
Attached to the entrance of the sphere is an iris which blocks most of the room
light, scattered laser light, and ignition luminosity from entering the integrating sphere.
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On the exit of the integrating sphere, additional lenses focus the diffused light from the
sphere through a band pass laser line filter. The laser line filter is centered at 632.8 nm
with a full width at half maximum (FWHM) of 1 nm. This further ensures that no light
from the room, chemiluminescence, or soot incandesce from the combustion reaction can
reach the photodetector. The photodetector generates a voltage signal proportional to the
intensity of laser light that is measured. The design of the optical system is based on
similar designs which have been reported by Kitsopanidis and Cheng and Musculus and
Pickett(I. Kitsopanidis et al., 2006; M. Musculus et al., 2005).
2.4

RCM Testing, Measurements, and Calculations
After a charge is prepared and the RCM is ready to begin testing, the hydraulic

fluid is released, and the compression phase begins. A Kistler 603B1 piezoelectric
pressure transducer is attached to the head of the RCM testing cylinder depicted in figure
8. The transducer communicates with a Kistler 5010b dual mode charge amplifier, which
sends a voltage signal to a VI measurement program. Settings for the charge amplifier
over all tests are listed in table 4.

Table 4: Kistler 5010b Dual Mode Charge Amplifier settings
Setting
Value
Mode
Operate (reset after each test)
Scale
20 bar/volt
Sensitivity
5.37 pC/bar
Time Constant
Long
Input
Charge

Once the VI is activated and a pressure rise proportional to an RCM compression
stroke is detected, the VI begins recording data at a rate of 100,000 samples per second
from both the pressure transducer and the laser extinction photodetector. Using a circular
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data buffer, 100 ms of data is collected before the detected pressure rise and 900 ms of
data is collected after the detected pressure rise totaling in one second of data per RCM
test. A sample of two early RCM tests with pressure traces is depicted in figure 13. This
figure demonstrates how repeatable RCM tests are with 8 traces of iso-octane giving a
total variance in ignition delay of 8.5ms. It’s been found that as conditions are adjusted
for shorter ignition delays, this variability significantly decreases.

Figure 13: Sample pressure and laser extinction data for iso-octane and ethanol:
ϕ~2.2, CR=7.1 for iso-octane and CR=19 for ethanol.
When the compression phase of the RCM ends, heat release combined with mass
loss to the crevice starts to lower the pressure in the testing cylinder. The maximum
pressure in the cylinder before ignition occurs is considered top dead center (TDC) and
can be compared to the TDC position of a piston in an engine cylinder. RCM experiments
are characterized by the compressed conditions established at TDC, and ignition delay
(ID) calculations are made starting at this point. Over all tests in this work, ignition delay
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is defined as the duration of time between TDC, and the point of maximum pressure rise
caused by autoignition.
Compressed conditions in the RCM are calculated at the point of TDC using
adiabatic relations, due to the assumption that no chemical reaction has occurred until
after this point. Using the pressure measurement at TDC combined with the calculated
molar composition of the prepared charge, the compressed temperature of the charge can
be calculated using equation 7.
𝑇𝑐

∫ 𝐶𝑝 (𝑇)
𝑇0

𝑑𝑇
𝑃𝑐
= 𝑅𝑢 ln ( )
𝑇
𝑃0

(7)

𝑅𝑢 represents the universal gas constant, and 𝑃𝑐 and 𝑇𝑐 represent the pressure and
temperature of the charge at TDC respectively. With known initial conditions (P0 and T0)
and the measured pressure at TDC, the compressed temperature can be calculated. 𝐶𝑝
represents the specific heat of the charge mixture, which is the mole fraction-weighted
average of the specific heats of the individual mixture components:
𝐶𝑝 (𝑇) = ∑ 𝑋𝑖 𝐶𝑝,𝑖 (𝑇)

(8)

The specific heat of each species is calculated using the 7-coefficient polynomial library
provided by Burcat et al. (Goos, 2016).
Throughout all experiments, iso-octane was compressed to a temperature range
between 640 and 660 Kelvin. Due to ethanol’s higher resistivity to autoignition, the
ethanol tests had a compressed temperature range between 770 and 800 Kelvin. A plot of
compressed temperature vs equivalence ratio is shown below in figure 14 for tests
involving both fuels at various compressed pressures.
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Figure 14: Plot of compressed temperature vs. prepared equivalence ratio over all
conducted tests
Optical traces are used to calculate a transmittance value throughout RCM
experiments based on laser light intensity before and after an ignition event. This
transmittance (T) characterizes soot formation throughout the experiments.

𝑇=

𝐼
𝐼𝑜

(9)

Transmittance requires a single value for the intensity measured by the
photodiode before (𝐼0 ) and after (𝐼) the combustion event to carry out further
calculations. These pre- and post-combustion intensities are obtained by averaging the
laser intensity measured by the photodiode during time intervals before compression
begins and after the combustion event respectively. 50ms of photodetector voltage signal
averaged at the beginning of the recorded data trace represents the laser intensity passing
through the RCM cylinder when it was optically clear. 100 ms of voltage signal is
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averaged beginning 25 ms after ignition occurs, representing the laser intensity passing
through the combustion products. Two sample tests with iso-octane, one near
stoichiometric conditions and one at fuel-rich conditions suitable for soot production are
displayed in figure 15 along with shaded windows indicating where data is averaged.

Figure 15: iso-octane tests conducted near stoichiometric and rich conditions, with
averaging windows shaded in blue
Figure 16 depicts the span and time (𝑡𝑐 ) the window is centered at. The figure
also displays how the laser signal is insensitive to non-sooting RCM tests, maintaining a
full transmittance fraction throughout the full second of data collected. A minor amount
of beam steering is still observable in this plot right at the point of combustion in the
form of a small dip that quickly levels off to a steadier signal. The span of 100ms and the
centered window time of 75ms after combustion used in all tests is designed to avoid this
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beam steering, while still capturing a transmittance value for the charge as close to the
combustion event as possible.

Figure 16: Transmittance data of optically clear (red) and optically sooty (blue) RCM
tests labeling the span and placement of the transmittance window along with upper
and lower bounds
In figure 17, the span and time placements were altered across the recorded RCM
test to observe the measurement sensitivity. The window over which post-combustion
laser intensity is measured was found to be insensitive to the span of the window but was
found to be mildly sensitive to the amount of time after combustion the window is placed
at. The averaged values remain within the upper and lower bounds of the signal,
especially considering the lower bound with beam steering.
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Figure 17: plot of calculated transmittance fraction when adjusting window placement
and size
It’s important to ensure that the laser is properly centered when passing through
the RCM cylinder. When conducting non-reactive tests where the laser is pushed to the
Left or right side of the RCM window, a greater amount of noise and intensity variation
was found compared to when the laser was properly centered. Figure 18 depicts how
shifting the beam to the sides of the line-of-sight RCM windows causes variations in laser
signal intensity during RCM tests.
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Figure 18: (a) figure depicting the laser displacement across the RCM inlet window (b)
resulting transmittance traces across non-reacting RCM tests

These results show how when the laser is centered, the laser intensity is
unaffected by the compression stroke of the RCM. When shifted to the right-hand side
using the sliding platforms attached to each mirror, minor dips that take away roughly 5%
of the laser intensity at most, each lasting roughly 50ms in duration are observed in the
results. This is believed to be caused by minor shifting of the RCM cylinder combined
with beam steering caused by temperature gradients to clip some of the laser during the
test, temporarily decreasing the signal. When the laser is pushed to the left-hand side,
faster variations in laser intensity are observed. The left-hand side of the window goes
deeper into the core of the adiabatic charge, where temperature gradients may be stronger
as the laser passes from the wall surface, through the core, to the exiting wall surface
while the right-hand side remains close to the RCM head surface throughout its entire
path length. These stronger temperature gradients are believed to be what causes the
beam to change intensity at a much faster rate. It is also believed that when the beam was
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shifted to the left-hand side, some of the beam was initially clipped before the test began,
causing the intensity to rise as much as 5% above the initial intensity as it is steered in
different directions during the compression test. For these reasons, it is important to make
sure the laser is as centered as possible using the adjustable mirrors along with the
adjustable platforms before RCM tests begin at a specific compression ratio. Still, in all
three cases the beam intensity steadies out to the initial intensity value after 500ms at
most, indicating that the compression stroke does not have a steady-state impact on the
measured laser intensity.
The optical thickness of the ignited charge can be calculated directly from the
transmittance fraction. This value is often referred to as “KL” where L represents the path
length through the reaction cylinder, 50.8 mm, and K represents the mean extinction
coefficient.
𝐼
𝐾𝐿 = − ln ( )
𝐼𝑜

(10)

The optical thickness can be quantitatively related to the soot volume fraction
along the path of the laser using small particle Mie theory. The soot volume fraction (𝑓𝑣 )
represents the number of particles of soot per unit volume based on the mean extinction
coefficient of the medium, wavelength of the laser light (𝜆), and the dimensionless optical
extinction coefficient, 𝑘𝑒 .

𝑓𝑣 =

𝐾𝜆
𝑘𝑒

(11)

The optical extinction coefficient is a value uniquely attributed to the morphology
of the soot being produced, and thus is subject to uncertainty in this study because the
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soot morphology has not been characterized. The optical extinction coefficient is
calculated as
𝑘𝑒 = (1 + 𝛼𝑠𝑎 )6𝜋𝐸(𝑚)

(12)

where 𝛼𝑠𝑎 represents the scattering to absorption ratio and 𝐸(𝑚) is a function of the
refractive index of the soot particles. A recent study by Sandia National Labs showed that
an optical extinction coefficient of 7.2 is a good estimate when using a red HeNe laser
with soot precursor particles formed from combustion of hydrocarbon fuels(Skeen et al.,
2018). Thus, all soot volume fraction calculations in this study utilize this value.
Soot yield is a dimensionless ratio of the mass of soot produced per unit mass of
carbon introduced to the reaction from fuel. This is an important parameter when
considering total soot as a pollutant, as it is a measure of how much of the fuel carbon
mass was converted to soot and is thus a measure of the sooting tendency of a given fuel,
based on its structure and composition. Soot yield (SY) is calculated in equation 13 as

𝑆𝑌 =

𝑓𝑣 𝜌soot
𝑀𝑊𝑐 [𝐶]

(13)

where 𝜌soot is the estimated density of soot (1.86 g/cm3), 𝑀𝑊𝑐 is the molecular weight of
carbon, and [C] is the molar concentration of carbon atoms in the compressed mixture,
which is determined using the ideal gas law at compressed conditions.
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CHAPTER 3: FUEL SOOTING TENDANCY RESULTS

4.1

Transmittance Fraction and Critical Equivalence Ratio
The experimental conditions span across non-sooting tests, where the

transmittance values were near 𝑇 = 1, to a point where the charge is considered optically
thick, which is a transmittance of T=0.01. The results clearly show the distinct sooting
behavior for the two fuels. Iso-octane exhibits soot formation at lower fuel-air
equivalence ratios than ethanol. However, ethanol, despite its oxygenated nature, still
does exhibit significant soot formation. By defining the onset of soot formation as a
transmittance of 𝑇 = 0.98, the critical equivalence ratios for forming soot for the two
fuels can be shown in table 5 below.

Table 5: Critical equivalence ratios for the onset of soot formation for a given fuel at
given compressed conditions
Fuel/Condition
𝝓𝒄𝒓𝒊𝒕
1.82
Iso-octane, 𝑃𝑐 = 10 𝑏𝑎𝑟
1.76
Iso-octane, 𝑃𝑐 = 20 𝑏𝑎𝑟
2.35
Ethanol, 𝑃𝑐 = 20 𝑏𝑎𝑟
2.19
Ethanol, 𝑃𝑐 = 30 𝑏𝑎𝑟

It is emphasized that these equivalence ratios correspond to given experimental
conditions, and the authors anticipate that different, unique critical equivalence ratios will
be obtained by making measurements at alternate compressed temperatures and
pressures. Furthermore, when comparing the two fuels, it should be considered that the
experimental conditions used for the iso-octane tests are unique from those used by the
ethanol tests in terms of compressed temperatures. The core focus of our future work will
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be to obtain similar measurements for a wider range of compressed conditions for both
fuels and for blends of the fuels.
When testing mixtures richer than the critical equivalence ratio, it can be seen in
figure 19 how the transmittance drops rapidly. The transmission approaches the point of
being considered optically thick 0.2 to 0.4 equivalence ratios above the critical ratio,
depending on the compressed conditions. It can be observed how increased compressed
pressures for both fuels lead to a sharper drop in laser transmission. For iso-octane tested
at a compressed pressure of 10 bars, almost full laser extinction is observed at an
equivalence ratio of 2.2, while at 20 bar the same effect is observed at an equivalence
ratio of just above 2. For ethanol at 20 bars compressed pressure, nearly full laser
extinction is observed at an equivalence ratio of 2.7 while at 30 bars the same effect is
observed at an equivalence ratio of 2.45. More testing at various compressed conditions
is required to better characterize this trend between compressed pressure and soot
formation. A couple of tests were conducted at equivalence ratios even richer than the
established point of optical thickness, giving the trendline a gaussian appearance. Very
small amounts of laser intensity were still picked up on these tests, demonstrating how
there will always be some laser transmittance even in cases of extreme optical thickness.
However, at these low light intensity measurements the signal noise becomes much larger
than the signal itself, making collected data at these conditions useless.
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Figure 19: transmittance fraction vs. equivalence ratio

4.2

Optical Thickness and Soot Volume Fraction
As displayed in equations 10 and 11, the optical thickness and soot volume

fraction can be calculated directly from the transmittance fraction. Optical thickness
values are used commonly in gauging particle concentrations and visibility for a wide
range of applications. For example, visibility through clouds is gauged as a clouds optical
thickness. An optical thickness of one or two indicates mostly clear weather, while
optical thickness values between 4 and 5 indicate very dark clouds that scatter and reflect
most sunlight. As shown in figure 20, the optical thickness of both fuels increases
exponentially once past the critical equivalence ratio and quickly reach an optical
thickness between 4 and 5, at which point over 99% of the laser transmittance is absorbed
or scattered by soot particles. Tests conducted past this optical thickness still show values
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that line up with the general trend, but these values are hard to trust due to the poor signal
to noise ratio.

Figure 20: Optical thickness vs. equivalence ratio

The soot volume fraction of the tested results can be calculated from the mean
extinction coefficient, as shown in equation 9 and displayed in figure 21. These values
have been converted to parts per million (ppm) to give an idea of the concentration of
soot particles present along the beam path. Due to a proportional relation between optical
thickness and soot volume fraction, the trendlines between the two plots look identical.
The limit of optical thickness is reached around a soot volume fraction of 6 to 7 parts per
million.
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Figure 21: Soot volume fraction vs. equivalence ratio

4.3

Oxygenated Equivalence Ratio Comparison
When comparing tests between iso-octane and ethanol at matched pressure

conditions based on an oxygenated equivalence ratio, the soot volume fraction trends
between the two fuels are brought much closer together as displayed in figure 22. The
trend for iso-octane remains the same, as there is no difference between its standard and
oxygenated equivalence ratio. In the case of ethanol, the oxygenated ratio is lower under
these rich conditions as the denominator is increased compared to the standard ratio with
the added oxygen from the fuel itself. In the standard fuel-air equivalence ratio, the added
mass of this oxygen would only be added to the numerator. This comparison suggests
that the onset of soot formation is strongly correlated to the basic ratio of hydrocarbons to
oxygen present in the mixture, but still shows how ethanol has a lower sensitivity to soot
formation. This is likely because of differences in hydrocarbon structures between the
two fuels, and how easy it is to form soot precursors from the available structures. As
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discussed in chapter 1, the hydrocarbon structures present in the combustion reaction can
have a strong impact on the fuel’s sooting tendency, with strong hydrocarbon structures
such as aromatics significantly increasing soot production rates.

Figure 22: Soot volume fraction vs oxygenated equivalence ratio, with a comparison to
the standard equivalence ratio for ethanol

If we compare the critical equivalence ratios between the two fuels based on the
standard ratio and the oxygenated ratio vs the compressed pressure used in different tests,
an interesting trend occurs. Figure 23 displays the critical equivalence ratio vs
compressed pressure for both fuels, based on both ratios. What is found is that there is a
large offset and a difference in slope between the two trends when based on a standard
fuel-air ratio, but this offset becomes smaller and the slopes become very similar when
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compared on an oxygenated basis. Further testing is needed to see if there is a point at
which both fuels would have the same sooting tendency, but this would likely occur at
very high pressures.

Figure 23: Plot of critical equivalence ratio vs. compressed pressure

4.4

Soot Yield
Soot yield increases exponentially following the onset of soot production,

approaching values as high as 2.5% for iso-octane and 1% for ethanol as displayed in
figure 24. This indicates that for the sootiest iso-octane tests conducted at 10 bars of
pressure, 2.5% of the present carbon mass in the prepared charge has been converted to
soot at an equivalence ratio of 2.3 while at 20 bars pressure a soot yield between 1% and
2% is observed at an equivalence ratio of 2.05. Meanwhile, ethanol has a soot yield of
1% at an equivalence ratio of 2.5 when tested at 30 bar compressed pressure, and 2.7
when tested at 20 bar compressed pressure.
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Figure 24: Soot Yield vs Equivalence Ratio
If soot yield is compared based on an oxygenated equivalence ratio, as depicted in
figure 25, then many of the trends start to overlap one another. It is important to keep in
mind the specific compressed pressure of each test. The 20 bar iso-octane data lines up
with the 30 bar ethanol data, and the 10 bar iso-octane data matches up with the 20 bar
ethanol data. This goes to further prove that even based on this ratio, ethanol shows lower
sensitivity to soot formation and must be brought to higher pressures to exhibit similar
sooting trends.
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Figure 25: Soot yield vs oxygenated equivalence ratio, with a reference to where
ethanol stands in terms of standard ratio shown in faded blue
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CHAPTER 4: CONCLUSION AND FUTURE WORK

The sooting tendencies of iso-octane and ethanol were evaluated in this work
across two compressed pressures for each fuel. The critical ratios for the onset of soot
production were found to be 1.82 and 1.76 for iso-octane at 10 and 20 bar respectfully,
while the critical ratios for ethanol were found to be 2.35 and 2.19 when compressed to
20 and 30 bar respectfully. Iso-octane was compressed to a temperature range of 640 to
660K while ethanol was compressed to temperatures between 770 and 800K. After
reaching these equivalence ratios, soot production increases exponentially for all tested
fuels. Isooctane produces a soot volume fraction range of 1 to 12ppm and a soot yield
range of 0.25 to 2.5% over an equivalence ratio range of 2 to 2.3 when compressed to 10
bars. When iso-octane was compressed to 20 bars, it resulted in a soot volume fraction
range of 1 to 12ppm and a soot yield of 0.25 to 2% across the equivalence ratio range of
1.95 to 2.05. This displays how much of an impact compressed pressure has on soot
production sensitivity. When ethanol was compressed to 20 bar, it resulted in a soot
volume fraction range of 1 to 7ppm and a soot yield range of 0.1 to 1% across an
equivalence ratio range of 2.4 to 2.7. When compressed to 30 bar, ethanol produced a
soot volume fraction range of 2 to 9ppm and a soot yield of 0.3 to 1% across an
equivalence ratio range of 2.3 to 2.5. This further proves the soot production sensitivity to
pressure for both tested fuels, as well as how ethanol has a lower soot production
sensitivity than iso-octane. When compared based on an oxygenated equivalence ratio,
iso-octane shows the same exact trend due to no oxygen being present in the fuel while
ethanol decreases its equivalence ratio range to 2 to 2.15 when compressed to 20 bars and
1.95 to 2.05 when compressed to 30 bars. These resulting trends will be useful in
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validating chemical-kinetic modeling for future engine designs or modifications to allow
light fuels to be used in mixing-controlled combustion. The work summarized in this
paper lays out the groundwork for evaluating the sooting tendency of volatile fuels that
can be prepared as a homogeneous charge in an RCM.
Future work will continue to investigate soot formation behavior between
oxygenated and non-oxygenated light fuels, but detailed comparisons will be made for
matching more compressed conditions of temperature and pressure. Further work will be
put into testing real gasoline fuels, and will also explore the sooting behavior for blends
between gasoline and ethanol to characterize the chemical relationship of soot reduction
potential as a function of blend fraction.
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